Sweat gland regeneration is an ongoing clinical challenge in cutaneous wound repair. Without effective restitution of lost sweat gland cells during wound healing, heat intolerance can occur in survivors of large-scale deep burns, which seriously affect their quality of life[@b1]. Unlike other glandular tissue, sweat gland morphogenesis *in vitro* had never been reported before because they have low regenerative potential even in response to injury[@b2]. A promising solution to tissue regeneration could be establishment of a 3D printed extracellular matrix (ECM) because a controlled environment can play an important role in guiding cell and tissue level functions including directing tissue-specific stem cell specification and influencing tissue development[@b3]. In our final goal of clinical practice, 3D bioprinting is especially advantageous because it can integrate multiple biophysical and biochemical cues spatially for cellular regulation and ensure highly ordered and complex structures with great stability and reproducibility[@b4].

The perfect regenerative strategy might rely on guiding tissue morphogenesis at the cell level. Although the process of 3D bioprinting in medical science is remarkable, *in vitro* self-organization of tissue structures in 3D constructs has not been fully proved. Our recent study demonstrated the feasibility of using 3D bioprinting to enhance the specific differentiation of epithelial progenitors (EPs)[@b5], the further question is whether or not 3D printed architecture is responsible to guiding sweat gland morphogenesis. Recently, the influence of physical parameters such as pore size and geometry is of rising interest in the field of 3D printing techniques[@b6][@b7][@b8], yet the role of them in cell to glandular tissue organization remains unexplored. To address this problem, we collected the entire dynamic events after 3D bioprinting *in vitro* and focused on defining the role of the architectural impact during the developmental process, which may offer new insights into the significance of 3D printed constructs in the promotion of tissue regeneration.

In this study, 3D porous structure is a key point to promote glandular ingrowth by providing suitable space. We developed 3D bioprinting matrices with an accurate pore structure by using a controlled printing parameter. Additionally, with cell printing, the gelatin-based hydrogel allows for producing an inductive niche with defined ECM components[@b9][@b10] and the opportunity to introduce predefined porosity for sweat gland reconstruction in 3D constructs. Furthermore, controlled release of the inductive factors at target time points could ensure the specific differentiation of epidermal lineages[@b11]. A potent gland-lineage inductive factor for EPs involves plantar dermis (PD), dermal components in mouse plantar extraction that are a collection of protein molecules, with bone morphogenic protein (BMP-4) the predominant growth-factor protein[@b12][@b13][@b14][@b15]. Since the relationship between EP behavior and the inductive niche, including factors and ECM-mimetic biomaterials[@b5][@b16], have been well investigated, we emphasize on attending the architectural impact on cell differentiation associated with tissue morphogenesis using 2 size of printing nozzles by which the different structure can be manipulated.

Here we investigated embedded EP differentiation and PD delivery in response to different porous constructs, and potential sweat gland self-organized formation within 3D constructs. We used well-controlled fabrication and precise observing approaches to firstly identify the role of 3D printed constructs in guiding glandular tissue regeneration *in vitro* and optimize this strategy for sweat gland regeneration. Further, results of this investigation might have implications for guiding other tissue morphogenesis and propelling 3D bioprinting application in regenerative medicine.

Results
=======

Characteristics of 3D constructs
--------------------------------

By direct-writing with the pneumatic 3D bioprinting system, 2 cell-laden bioink types (with and without PD) plus 2 printing nozzles (300 and 400 μm) were paired for rapid fabrication. With the layer-by-layer printing process, crisscross blocks and square pores (top to bottom) were determined as 2 typical architectures and could be measured on microscopy ([Fig. 1A](#f1){ref-type="fig"}). The 300-μm--printed constructs produced larger pore width than 400-μm--printed constructs (1.4 ± 0.1 vs 1.1 ± 0.1 mm), but the block width was smaller (0.6 ± 0.1 vs 1.1 ± 0.1 mm) ([Fig. 1B](#f1){ref-type="fig"}). Four representative porous constructs (20 × 20 × 5 mm) maintained structural stability and cells were homogeneously embedded after 24-hr culture ([Fig. 1C](#f1){ref-type="fig"}).

Cell viability and proliferation
--------------------------------

Most embedded cells in all groups retained GFP-positive expression, and a small number of GFP-negative cells (red-enclosed) were also noted ([Fig. 2A](#f2){ref-type="fig"}). These dead cells could be linked to shearing caused by the printing extrusion. The 300- and 400-μm--printed constructs did not confer differences in cell viability. Compared with day 1, at day 5, we observed no abnormal cell death in the 3D culture. With the construct-split observation method, we calculated the overall cell amount of each construct at the target time, with cell density and cell distribution demonstrated in [Fig. 2B](#f2){ref-type="fig"}. Cell density was greater in the 300- than 400-μm--printed construct, which could be directly linked to the narrower block architecture. Cells proliferated, as seen by an increased amount of embedded live cells during 3D culture ([Fig. 2C](#f2){ref-type="fig"}). Similarly, constructs did not differ in cell number at each day of culture, which suggested that both 300- and 400-μm nozzles were biocompatible in the printing system.

Gelatin reduction and BMP-4 release
-----------------------------------

Because of the cross-link reaction of sodium alginates with calcium chloride, the structures were relatively fixed in 3D culture, thereby providing attachment sites for embedded cells. However, because gelatin in the hydrogel is responsible for the release function, the reduction changes of gelatin must be quantified. The dynamic changes by HE staining suggested that gelatin progressively vanished with time and completely disappeared on day 14 ([Fig. 3A](#f3){ref-type="fig"}). As the width of the block became narrower, the pore width expanded, for corresponding decrease in structure-related ratio ([Fig. 3B](#f3){ref-type="fig"}).

BMP-4 content was prolonged and gradually released along with gelatin reduction during week 1 but was less with 400- than 300-μm--printed constructs ([Fig. 2C](#f2){ref-type="fig"}). This increasing trend was related to progressive gelatin dissolution and degradation. Thus, the bioprinted 3D constructs we describe are suitable for protein delivery for cell differentiation.

Induced sweat gland cell differentiation and morphogenesis
----------------------------------------------------------

EPs routinely maintain the main epidermal markers K5 and K14 (representing primary creatine kinases of stratified epithelia). Once the cells differentiate into sweat gland cells, they should lose original epithelial markers and gain luminal epithelial markers (e.g., K18, CK19). Therefore, we used the conversion of marker expression as a differentiation indicator. Notably, EPs in the 300 μm&PD+ construct showed strong expression of K18 and K19 as compared with other constructs at day 5 ([Fig. 4](#f4){ref-type="fig"}). After the initial 14-day culture, a more prominent conversion of marker expression was achieved in the 300 μm&PD+ construct. These trends were well consistent with the results of inductive factor releasing along with gelatin reduction ([Fig. 5](#f5){ref-type="fig"}).

To assess the potential for glandular morphogenesis, we measured the long-term culture of each group. The morphology of sweat gland tissue was only detected in the 300 μm&PD+ construct after day 28 of culture ([Fig. 6](#f6){ref-type="fig"}). In contrast, differentiated cells in 400-μm--printed constructs (regardless of PD delivery) and 300 μm-μm--printed constructs (without PD delivery) were gradually decreased. There might not be enough space to complete the cell aggregates, or differentiated cells could fail to aggregate if not enough number is available. The 300-μm--printed constructs conferred a significant increase in sweat gland cell aggregates from weeks 1 to 2, and the specific sweat gland-bud emerged at week 3. Then these buds develops into sweat gland tissues, which is similar to that of the natural developmental process. However, once deprivation of 3D architectural support, the self-organized formative process was gradually terminated ([Fig. 7](#f7){ref-type="fig"}).

Discussion
==========

Bioprinted cell matrices are an emerging strategy to address the clinical need for cell therapy and regenerative medicine[@b4][@b16]. The ability of 3D constructs to ensure embedded cell-specific differentiation is of great use in sweat gland regeneration. Besides the controlled-release gland lineage-inductive effects, porous architecture has a profound effect on promoting the sweat gland self-organization formation. Our current findings reveal the previously unknown role of 3D-printed structure in spatial controls over the differentiated cell behavior in glandular tissue developmental stages by an *in vitro* culture model. These findings might significantly deepen the understanding of 3D bioprinting technology.

The adapted printing parameter for the resulting fabrication and postprocessing that we used can fulfill all requirements for 3D bioprinting for regenerative medicine. We found that these constructs ensured long-term stability with architectural wholeness and the release of inductive cues by biodegradation. 3D porous constructs printed with a 300-μm nozzle diameter produced the best gland lineage-differentiation and tissue morphogenesis *in vitro* as compared with constructs produced with a 400-μm nozzle. By combining the benefits of suitable pore structure and release function during the printing process, 3D constructs had a synergistic promotional effect on producing an inductive niche for sweat gland regeneration.

The 2 types of modified 3D printed constructs did not differ in cell viability, although the expression of sweat gland markers was slightly higher with 300- than 400-μm--printed constructs on day 5. Thus, accurately controlled structural characteristics guarantee the rational behavior of cells cultured in constructs, and a larger pore size might have stronger ability to induce differentiation. Strikingly, our results showed sweat gland self-organization *in vitro* that 300-μm constructs with PD which guided the process of bud emergence and glandular branching growth after long-term culture, while few or no sweat gland cells was detected in 400-μm--printed constructs after 14 days. These constructs with a 1.4-mm pore size may benefit differentiated cell aggregation and help them more easily gather around connecting pores for assembly process.

Besides architectural support, the delivery of material may be of greater importance for cell differentiation toward a specific sweat gland lineage. In the present study, PD released from constructs and executing the inductive effects led to a significant increase in number of differentiating cells in a relatively short period. This promotional effect on induction may be attributed to at least in part, improved release function by degradation of modified construct. Gelatin and sodium alginate forms hybrid cross-linked hydrogels through the cross-linking of sodium alginate[@b17]. The factor released from the hydrolytically degradable gelatin in the hybrid scaffolds might have met the local inductive cue demand for EPs for their survival and specific differentiation. During this period, evaluation of the release properties of the different 3D printed constructs revealed that these constructs offer a modest and synchronous release in 2 weeks. When release finished, the constructs continually acted the guiding role in tissue morphogenesis *in vitro* by mimicking the native microenvironment, which is consistent with the results from transplantation *in vivo*.

Various researchers have proposed that porous biodegradable matrices obtained with 3D printing play an important role in cell function[@b3][@b18][@b19]. Conventional techniques used to manufacture scaffolds lack full control of the pore morphology and architecture as well as reproducibility[@b20][@b21][@b22]. In this study, our printing strategy both controlled printing parameter and achieved high cell viability. Another important role of 3D printing is directing sweat-gland differentiation by including living EPs and inductive factors simultaneously during fabrication without the limitations of time and culture conditions. Notably, the significant differences was observed between cell long-term culture in 2D and 3D conditions. These findings further underline the importance of 3D architecture in highly efficient differentiation of stem cells. In particular, the present study is the first report that *in vitro* glandular tissue morphological formation can be promoted by 3D-printed constructs. The extent and mechanisms to which these response of cells to pore geometries explain our results clearly require further elucidation.

Our findings represent a first proof of glandular cell to tissue-level organization occurred within the 3D bioprinted construct *in vitro* and pave the way for further understanding into a previously unknown role of the 3D-printed porous architecture in glandular tissue developmental stage. This self-organizing strategy might opens up the intriguing possibility of regenerating other tissues by *in vitro* microenvironmental manipulations of specific stem cell fate, which would be of particular interest for clinical applications of 3D bioprinting technology. Furthermore, the data from this study may help achieve the reproducibility and standardization in 3D bioprinting for regenerative medicine.

Methods
=======

Cell isolation and culture
--------------------------

All animal experiments were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee of Chinese PLA General Hospital (Beijing, China). All experimental protocols were approved by the Institutional Animal Care and Use Committee of Chinese PLA General Hospital (Beijing, China). EP isolation was as previously described[@b5]. Briefly, EP was collected from dorsal skin of E12.5 embryonic mice \[C57BL/6-Tg (ACTB-EGFP)10sb/J, Jackson Laboratory\] and cultured with 2 ml phosphate buffered saline (PBS, pH = 7.4) containing 10% penicillin-streptomycin, then divested of subcutaneous fat. Then, the skin was minced into 1-mm^3^ pieces and digested with 2 mg/ml Dispase II (Sigma), 2 mg/ml collagenase I and 0.25% Trypsin-EDTA for 30 min. Digestion of trypsin was terminated by neutralization with medium containing 10% fetal bovine serum. Finally, absolute EP was harvested and incubated with Dulbecco's modified Eagle's medium \[Nutrient Mixture F-12 (Ham) (1:1) D-MEM/F-12\] (Gibco) supplemented with 10% fetal bovine serum (Gibco), 1% penicillin-streptomycin (Gibco). Cultures at passages 2 to 4 with density 6 × 10^5^ cells/ml were used.

Bioink preparation
------------------

Bioink was prepared as described[@b5] and modified by using an optimization formulation. Briefly, cells and PD were embedded into hydrogels by using a 48-ml hyperthermia-dissolved solution of 0.2 g/ml gelatin (Sigma) mixed with a 24-ml solution including 0.04 g/ml sodium alginates (Sigma) at 25 °C. All used vats, vat-paired inner sealers, and nozzles were autoclaved and maintained aseptic at 4 °C before use. The whole assembling bioink process was strictly sterilized.

3D Porous construct fabrication
-------------------------------

The prepared bioink was divided into 4 equal parts and transferred into sterile vats with different nozzle diameters (300 and 400 μm); 2 parts were randomly selected as the PD+ printing group. Each printing vat was loaded with 2 ml EPs and 1 ml PD. The other 2 parts were each loaded with 2 ml EPs and 1 ml PBS. Therefore, 4 groups were created, 300 μm&PD+ and -PD- and 400 μm&PD+ and -PD-, before bioprinting. The synthetic bioink of all groups was maintained in an identical sterilized chamber at 4 °C to keep it gelated.

From our previous printing procedure, the bioprinting was performed as follows. First, the printing platform (Regenovo 3D bioprinter, China) with a temporal-fixed 100-mm Petri dish used as a substrate was rapidly cooled for 30 min to 4 °C and underwent ultraviolet sterilization. As the process progressed, square pores were generally formed in the constructs through the layer-by-layer rotation of the meandering thread pattern. Finally, each fresh finished construct was immediately sprinkled with 1 ml sterile 10% calcium chloride for 10 min to crosslink sodium alginate, then immersed with the sweat gland cell (SGC) medium (50% DMEM and 50% F12 supplemented with 5% fetal calf serum \[FCS\] (Gibco), 10 ng/ml epidermal growth factor \[EGF\] (Sigma), 2 ng/ml liothyronine sodium (Gibco), 0.4 μg/ml hydrocortisone succinate (Gibco), 1 ml/100 ml insulin-transferrin-selenium \[ITS\] (Gibco), 1 ml/100 ml penicillin-streptomycin solution) and cultured in the incubator at 37 °C in a humidified atmosphere of 5% CO~2~.

Cell distribution and viability
-------------------------------

We used an improved practical *in situ* microscope-based method for observing fluorescent cells. For convenience, we split the construct into 6 transversal layers from upside down according to different imaging focal lengths, labeled L1 to L6. Then, for all images collected from each layer in a single visual field, we classified the cells with green fluorescence as "live cells" and the ones losing fluorescence as "dead cells". Finally, we calculated and added the overall amount of live and dead cells from L1 to L6. Three samples were analyzed for each group. At least 3 samples were scored in 3 independent replicates for live/dead calculation.

Construct degradation and BMP-4 release
---------------------------------------

To study the degradation of printed constructs in different groups, *in vitro*-cultured samples were used after 1, 3, 5, 7, and 14 d of culture. To acquire proper cross-sectional images, randomly selected constructs were first fixed with 4% paraformaldehyde overnight at 4 °C, then paraffinized, embedded, sectioned at 8 μm with use of a standard microtome, and pasted onto clean glass slides for hematoxylin and eosin (HE) staining and imaged under a light microscope (Olympus BX-41, Japan).

Similarly, improved *in situ* microscopy method was used to evaluate construct degradation in a large scale. Specifically, for each construct we first measured its linear block width (μm) and pore width (μm) at different times. Next, we defined an architecture-related ratio (Wb/Wp) indirectly linked to the degradation of the bioprinted construct in a large scale, where Wb is the width of the block and Wp the width of the pore. Finally, we analyzed the change in ratio over time to describe the construct degradation.

BMP-4 concentration in the medium was measured by ELISA (ABIN1568654; Antibodiesonline.cn, Aachen, Germany). At least 3 samples were scored in 3 independent replicates for BMP-4 release experiments.

*In vitro* differentiation and tissue formation assay
-----------------------------------------------------

The remaining samples were stained for expression of tissue-specific markers according to standard immunofluorescence protocols, as we previously described[@b23]. Precisely, to confirm the identity of EPs embedded in the constructs, the antibodies rabbit monoclonal anti-cytokeratin 5 (K5) (0.077 mg/mL, 1:300 dilution, Abcom RbmAb technology) and anti-cytokeratin 14 (K14) (1.996 mg/mL, 1:300, Abcom RbmAb technology) were incubated overnight at 4 °C. To detect the presence of SGCs, samples were incubated with the antibodies mouse monoclonal anti-cytokeratin 18 (K18) (1 mg/mL, 1:300, Abcom MmAb technology) and rabbit monoclonal anti-cytokeratin 19 (K19) (1 mg/mL, 1:300, Abcom RbmAb technology). K5, K14, and K19 were incubated with red fluorophore-labeled mouse anti-rabbit secondary antibody (1:500), and K18 was inducbated with red fluorophore-labeled rabbit anti-mouse secondary antibody (1:500) for 2-hr dark incubation at room temperature. Finally, Dapi Fluoromount-G (20 mL, SouthernBiotech) was used to stain nuclei.

To detect the glandular tissue formation, pictures were taken continuously with a fluorescence microscope (Olympus, BX51) at the different time points, the process of bud emergence and glandular branching growth within 3D constructs were recorded.

In these experiments, at least 3 samples were scored in 3 independent replicates for each group and at least 100 cells were scored for each sample. The relative fluorescence intensity was quantified using Image J.

Statistical analysis
--------------------

All data are presented as mean ± SD. Statistical analysis involved two-way ANOVA with a Bonferroni post-hoc test and Student *t* test in Graphpad Prism. Statistical significance was defined as \*p \< 0.05. Three independent trials were carried out unless otherwise stated.
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![Characteristics of printed porous constructs.\
(**A**) Two typical architectures of the porous construct, block and pore, identified right after printing. (**B**) Width of block and pore between 300- and 400-μm--printed constructs at 0 hr. Data are mean ± SD. \*P \< 0.05. (**C**) Embedded cell distribution and structural stability of printed constructs after 24-hr culture. (scale bar: 1000 μm for macroscopic images; 500 μm for microscopic images).](srep34410-f1){#f1}

![Cell viability in 3D printed constructs.\
(**A**) Live-dead cell counting at day 1 and 5 of culture. Green dots are live cells and dark, circled dots are dead cells (scale bar, 200 μm). Data are mean ± SD. \*\*\*P \< 0.001. (**B**) Cell distribution on every layer of scaffolds. Insets show 300-μm group with a greater density than 400 μm. (**C**) Cell number at day 1, 7, and 14 of culture (P \> 0.05). Data are mean ± SD.](srep34410-f2){#f2}

![Biomaterial degradation analysis and bone morphogenic protein 4 (BMP-4) release.\
(**A,B**) Biomaterial degradation of scaffolds with culture. (**A**) Histology and (**B**) ratio (Wb/Wp) of 3D-printed scaffolds at day 1, 3, 5, 7, and 14 of culture (scale bar: 50 μm for day 3; 200 μm for day 5, 7 and 14, respectively; arrow: embedded cell). (**C**) BMP-4 release from 3D-printed scaffolds over time. Data are mean ± SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](srep34410-f3){#f3}

![Epidermal progenitor cells embedded in 3D-printed constructs differentiation into sweat gland cells.\
Immunostaining assay at day 5 of culture with K18, K19, K5, K14 for sweat gland cell differentiation of epidermal progenitors. All markers are red and Dapi staining of nuclei is blue. (scale bar, 50 μm) Data are mean ± SD. \*P \< 0.05.](srep34410-f4){#f4}

![The comparison of relative marker expression quantified by ImageJ.\
Immunostaining assay at day 5 and day 14 of culture with K18, K19, K5, K14 for sweat gland cell differentiation of epidermal progenitors. At least 3 samples were scored in 3 independent replicates for each group and at least 100 cells were scored for each sample. Data are mean ± SD. \*P \< 0.05.](srep34410-f5){#f5}

![The progress of sweat gland morphogenesis in random samples of 300 μm&PD+ --printed construct.\
(scale bar: 100 μm for fluorescence images; 50 μm for immunofluorescence images).](srep34410-f6){#f6}

![The changes of cell differentiation and morphogenesis in random samples of 300 μm&PD+ --printed construct when shift to 2D culture at day 14 of culture.\
Epidermal progenitor cells embedded in 3D-printed constructs differentiation into sweat gland cells by immunostaining assay at day 5 of culture with K18 and aggregation into sweat gland-like structure at day 14 of culture. All markers are red and Dapi staining of nuclei is blue. After shifting to 2D culture, the structure disappearance at day 21 of culture and differentiated cells decrease at day 28 of culture (scale bar, 50 μm).](srep34410-f7){#f7}
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